The He ii transverse proximity effect -enhanced He ii Lyα transmission in a background sightline caused by the ionizing radiation of a foreground quasar -offers a unique opportunity to probe the morphology of quasar-driven He ii reionization. We conduct a comprehensive spectroscopic survey to find z ∼ 3 quasars in the foreground of 22 background quasar sightlines with HST /COS He ii Lyα transmission spectra. With our two-tiered survey strategy, consisting of a deep pencil-beam survey and a shallow wide-field survey, we discover 131 new quasars, which we complement with known SDSS/BOSS quasars in our fields. Using a restricted sample of 66 foreground quasars with inferred He ii photoionization rates greater than the expected UV background at these redshifts (Γ HeII QSO > 5 × 10 −16 s −1 ) we perform the first statistical analysis of the He ii transverse proximity effect. Our results show qualitative evidence for a large object-to-object variance: among the four foreground quasars with the highest Γ HeII QSO only one (previously known) quasar is associated with a significant He ii transmission spike. We perform a stacking analysis to average down these fluctuations, and detect an excess in the average He ii transmission near the foreground quasars at 3σ significance. This statistical evidence for the transverse proximity effect is corroborated by a clear dependence of the signal strength on Γ HeII QSO . Our detection places a purely geometrical lower limit on the quasar lifetime of t Q > 25 Myr. Improved modeling would additionally constrain quasar obscuration and the mean free path of He ii-ionizing photons.
INTRODUCTION
The double ionization of helium at z ∼ 3, known as He ii reionization, is the final phase transition of the intergalactic medium (IGM) and substantially influences the thermal and ionization state of the baryons in the Universe. According to the currently accepted picture (Haardt & Madau 2012; Planck Collaboration et al. 2016) hydrogen was reionized at redshifts z ∼ 8 by the UV photons emitted from stars. Their spectra, however, were not hard enough to supply sufficient numbers of photons with energies > 4 Ry required to doubly ionize helium. Therefore, He ii reionization was delayed until the quasar era, culminating in the completion of helium reionization at z ≈ 2.7 (Madau & Meiksin 1994; Reimers et al. 1997; Miralda-Escudé et al. 2000; McQuinn 2009; Faucher-Giguère et al. 2009; Haardt & Madau 2012; Compostella et al. 2013 Compostella et al. , 2014 Worseck et al. 2016) . Since quasars are bright but rare sources, it is expected that He ii reionization is a very patchy process. The general picture is that quasars create ionized bubbles around them which expand with time, and eventually overlap to form the relatively homogeneous UV background that keeps the IGM in photoionization equi-librium up to the present day (Bolton et al. 2006; Furlanetto & Oh 2008; McQuinn 2009; Furlanetto & Dixon 2010; Furlanetto & Lidz 2011; Haardt & Madau 2012; Meiksin & Tittley 2012; Compostella et al. 2013 Compostella et al. , 2014 .
The exact structure of He ii reionization crucially depends on the duration of the bright quasar phase. To match a given luminosity function, quasars either have to be very common objects which individually shine only for a short time or rare objects if the lifetime is long (e.g. Martini 2004 ). The quasar lifetime also places important constraints on the physics and accretion processes of active galactic nuclei (AGN). All massive galaxies are expected to host a supermassive black hole (SMBH) in their center but most of them are inactive and do not accrete matter most of the time. It is however assumed that all of them went through an active AGN phase at least once in their history and SMBHs at least partially grew to their current mass during bright quasar phases (Soltan 1982; Shankar et al. 2009; Kelly et al. 2010) . Also, quasars might have a substantial influence on their host galaxies, and simulations of galaxy formation usually invoke quasar feedback to match the galaxy luminosity function at the massive end. Constraining the duration of the quasar phase might shed light on the largely unknown triggers for AGN activity and thereby test quasar models (e.g. Springel et al. 2005; Hopkins et al. 2005; Schawinski et al. 2015) .
There have been several attempts for measuring the quasar lifetime (e.g. Martini 2004 , and references therein). An upper limit of 10 9 yr comes from demographic arguments and the evolution of the AGN population. Methods based on the quasar luminosity function and clustering statistics are in principle able to determine the average time galaxies host luminous quasars, described as the duty cycle (t dc ) of quasars. However, studies so far only deliver weak constraints of t dc ∼ 10 6 − 10 9 yr (Adelberger & Steidel 2005; Croom et al. 2005; Shen et al. 2009; White et al. 2012; Conroy & White 2013; La Plante & Trac 2015) due to the uncertainty in how quasars populate dark matter halos. Studies focusing on the mass assembly of SMBHs are sensitive to the total black hole growth time which might also include non-luminous or obscured phases. Constraints from such studies (e.g. Yu & Tremaine 2002; Kelly et al. 2010) are between 30 and 150 Myr.
These methods determine the quasar duty cycle or growth time for a full population, reflecting the total time quasars are active. This might be distinct from the duration of single bursts if quasars go through several activity periods over a Hubble time. The duration of these can be described by the episodic lifetime t Q . Methods which aim to constrain the episodic lifetime usually focus on individual quasars and use the presence of a tracer that is sensitive to the quasar luminosity at some time in the past. This measures for how long an individual quasar has been active prior to the observation, basically its age. We denote this as t age and stress that it is distinct from the quasar episodic lifetime t Q but clearly sets a lower limit on it (t age ≤ t Q ).
Constraints for sustained activity over at least 10 6 yr comes e.g. from the presence of enormous Lyα nebulae around luminous quasars Hennawi et al. 2015) . On slightly larger scales geometric constraints of t Q 8 Myr 6 might be derived from fluorescent Lyα emission of galaxies caused by the UV radiation of a nearby quasar as claimed by Cantalupo et al. (2012) , Trainor & Steidel (2013) or Borisova et al. (2016) . Gonçalves et al. (2008) investigate metal absorption systems in a z = 2.5 quasar triplet and claim overionization due to the foreground quasars' radiation and hence lifetime constraints of t Q > 25 Myr and 15 < t Q < 33 Myr, but do not place empirical constraints on the gas density, consider the effects of collisional ionization, or explore the effects of non-solar relative abundances. Therefore, current constraints on the quasar episodic lifetime suggest values between 10 6 and 10 8 yr (but see, Schawinski et al. 2015) . All studies giving more specific constraints are either based on single or very few objects, or are indirect and therefore rely on assumptions.
The direct influence of quasars on the IGM can be clearly detected in quasar spectra as statistically lower IGM Lyα absorption in the vicinity of a quasar. This enhanced ionization is called the line-of-sight proximity effect (Carswell et al. 1982; Bajtlik et al. 1988; Scott et al. 2000; Dall'Aglio et al. 2008; Calverley et al. 2011) . The presence of a line-of-sight proximity effect in quasar spectra sets a lower limit on the episodic lifetime of quasars. To cause an observable effect in the IGM they have to 6 Given the luminosity of hyperluminous quasars (mr ≈ 16 mag at z = 3) and the typical sensitivity of narrowband surveys (m NB 26.5 mag, 5 × 10 −18 erg s −1 cm −2 for a ∆λ = 50Å filter) achieved in long integrations (∼ 5 h) on 10 m class telescopes (e.g. Trainor & Steidel 2013) , the fluorescent emission from 1.0 sized galaxies can only be detected for separations from the illuminating quasar smaller than ≈ 1.2 Mpc. This allows one to constrain quasar lifetimes 7.8 Myr. The required integration time increases as the fourth power of the probed separation.
be active for at least the equilibration timescale. This is for H i of the order of t HI eq ∼ 10 4 yr (Γ HI UVB ∼ 10 −12 s −1 , Becker & Bolton 2013) . A very similar effect is expected when a background sightline intersects the proximity zone of a foreground quasar, called the transverse proximity effect. It would enable robust estimates of the quasar lifetime purely based on geometric arguments and the light travel time from the foreground quasar to the background sightline (e.g. Dobrzycki & Bechtold 1991; Adelberger 2004 ). However, up to now there is no unambiguous detection of the transverse proximity effect the H i Lyα forest, which might be attributed to the cosmic overdensities in which quasars are hosted or the obscuration of the quasar radiation (Liske & Williger 2001; Schirber et al. 2004; Croft 2004; Hennawi et al. 2006; Hennawi & Prochaska 2007; Kirkman & Tytler 2008) .
In addition to the hydrogen Lyα forest, there is also a helium Lyα forest at frequencies 4× higher, caused by singly ionized helium (He ii). Studying proximity effects in helium is for several reasons advantageous over probing the same effect in hydrogen. At z 5.5, the Universe is transparent to 1 Ry photons, resulting in a high and quasi-homogeneous UV background (e.g. MiraldaEscudé et al. 2000; Meiksin & White 2004; Bolton & Haehnelt 2007; Worseck et al. 2014) . A single quasar therefore causes a significant increase over the background only within a relatively small zone of influence. At z > 2.7, before He ii reionization is complete, helium offers a much larger contrast since the background is low, the mean free path short and single quasars can produce a stronger enhancement over the background, resulting in a much larger region where the total ionization rate is higher than the UV background, far beyond the region in which the host halo causes a substantial enhancement of the cosmic density field (Khrykin et al. 2016b) . Highly saturated He ii spectra reaching effective optical depths τ eff ≈ 5 on scales ∆z = 0.04 (Worseck et al. 2016) constrain the He ii fraction to x HeII ≈ 0.02 at z ≈ 3 (Khrykin et al. 2016b,a) . Under these conditions, a relatively small decrease in the He ii fraction can cause a large increase in the transmission.
Limited by the Galactic and extragalactic H i Lyman continuum (e.g. , the z > 2 He ii Lyα absorption is observable from space with far UV (FUV) spectrographs. Over the last two decades the Hubble Space Telescope (HST ) has obtained He ii Lyα spectra for a limited number of He ii-transparent quasars (Jakobsen et al. 1994; Reimers et al. 1997; Heap et al. 2000; Shull et al. 2010; Syphers & Shull 2013 Zheng et al. 2015; Worseck et al. 2016 ). Many of these exhibit prominent line-of-sight proximity effects which itself sets a constraint on the quasar lifetime, similar to the hydrogen case (Khrykin et al. 2016b ). For He ii, this is however approximately three orders of magnitude longer (t Q 10 Myr) than for H i due to the lower He II photoionizing background (Γ HeII UVB ∼ 10 −15 s −1 , FaucherGiguère et al. 2009; Haardt & Madau 2012 ) and therefore longer equilibration timescale (Khrykin et al. 2016b ).
The first evidence for a He ii transverse proximity effect was found in the He ii sightline to Q 0302−003 that exhibits a transmission spike at z = 3.05 (Heap et al. 2000) and a foreground quasar at practically the same redshift (Jakobsen et al. 2003) . This prominent example repre-sents the prototype case for the He ii transverse proximity effect. From the required transverse light crossing time in this association, one can infer a geometrical limit of the quasar lifetime of t Q ≈ 10 Myr. Although this estimate is only based on a single object, it demonstrates the feasibility of deriving lifetime constraints using the He ii transverse proximity effect. In the same sightline Worseck & Wisotzki (2006) compared He ii and H i spectra and computed the hardness of the radiation field, based on the relative absorption strength of the two ions, sensitive to ionization at 1 Ry and 4 Ry. They detect the proximity effect for at least one other foreground quasar which sets a lower lifetime limit of 17 Myr. Syphers & Shull (2014) claim a transverse proximity effect for another quasar 34 Mly away from the Q 0302−003 sightline, but this case is degenerate with the proximity effect of Q 0302−003 itself. In the limited sample of He ii spectra and foreground quasars Furlanetto & Lidz (2011) see indications against very long (t Q > 10 8 yr) and very short (t Q < 3 × 10 6 yr) quasar lifetimes, by simply counting He ii transmission spikes under the assumption that they are associated with foreground quasars.
The installation of the Cosmic Origins Spectrograph (COS) on HST with unprecedented FUV sensitivity offers for the first time the opportunity for an extended survey of He ii transparent quasars Syphers et al. 2012; Zheng et al. 2015; Worseck et al. 2016) . We use a dataset of 22 He ii sightlines and complement it with a dedicated optical spectroscopic survey to discover foreground quasars around these sightlines. These allow us for the first time to statistically quantify the He ii transverse proximity effect and to derive a constraint on the quasar episodic lifetime. The survey is described in § 2 and a few individual objects are discussed in § 3. In § 4 we describe our statistical search for the presence of a He ii transverse proximity effect and constrain the quasar lifetime. In § 5 we investigate the object-to-object variation of the transverse proximity effect within our sample. We discuss the implications of our findings in § 6 and summarize in § 7.
Throughout the paper we use a flat ΛCDM cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7 which is broadly consistent with the Planck Collaboration et al. (2015) results. We use depending on the situation proper distances or comoving distances and denote the corresponding units as pMpc and cMpc, respectively. We denote the different quasar lifetimes with t dc for the duty cycle (total activity over Hubble time), t Q for the quasar episodic lifetime, and t age for the age of a quasar. Magnitudes are given in the AB system.
DESCRIPTION OF THE SURVEY
As part of a comprehensive effort to study He ii reionization, we conducted an extensive imaging and spectroscopic survey to identify foreground quasars around 22 He ii-transparent quasar sightlines for which sciencegrade HST /COS spectra are available. The survey consisted of a deep narrow survey covering the immediate vicinity of the He ii sightline (∆θ ≤ 10 ) down to a magnitude of r ≤ 24.0 mag based on deep imaging and multiobject spectroscopic follow-up on 8 m-class telescopes, as well as a wider survey targeting individual quasars on 4 m telescopes. Finding quasars that have a separation from the He ii sightline of more than ≈ 10 is in particular important to constrain the quasar lifetime. At redshift z ≈ 3, this angular separation corresponds to a physical distance of only 4.7 pMpc or a light crossing time of 15 Myr. Therefore, we also conducted the shallower and wider survey on 4 m class telescopes extending out to ∆θ ≈ 90 .
The sample from our own surveys was complemented by quasars from the Sloan Digital Sky Survey (SDSS, York et al. 2000) and the Baryon Oscillation Spectroscopic Survey (BOSS, Eisenstein et al. 2011; Dawson et al. 2013) , specifically from the twelfth data release (DR12, Alam et al. 2015 ) spectroscopic quasar catalog (Pâris et al. 2016 ). In the context of our study, SDSS and BOSS cover a similar parameter space (magnitude r 21 mag) as our wide survey. However, the SDSS quasar selection is substantially incomplete at z ≈ 3 (Fan 1999; Richards et al. 2002b Richards et al. , 2006 . This makes it necessary to conduct our own wide survey and find the quasars not identified by SDSS.
He ii Sightlines
Our foreground quasar survey targeted fields around 22 He ii-transparent quasars observed with HST /COS or HST /STIS (Table 1) . Worseck et al. (2016) describe the homogeneous data reduction and analysis of 16 of these, including a much improved HST /COS background subtraction (dark current, quasi-diffuse sky emission, scattered light) and suppression of geocoronal contamination compared to the default CALCOS pipeline reductions from the HST archive. This improved reduction ensures that weak excess He ii transmission due to the transverse proximity effects is not affected by zero-level calibration errors. Five He ii-transparent quasar sightlines observed in HST Cycle 20 were reduced analogously (Worseck et al., in preparation) . Almost all spectra (20/22) have been taken with the HST /COS G140L grating (R = λ/∆λ ∼ 2000 at 1150Å, 0.24Å per Nyquist-binned pixel). Their signal-to-noise ratio per binned pixel at He ii Lyα of the background quasar varies between 2 and 15, mostly depending on whether the sightline was known before to be He ii-transparent (Shull et al. 2010; Syphers & Shull 2013 Zheng et al. 2015) , or had been discovered in recent HST /COS surveys Syphers et al. 2012; Worseck et al. 2016) . The sightline to HS 1157+3143 was observed with the HST /STIS G140L grating (R ∼ 1000, 0.6Å pixel −1 ; Reimers et al. 2005) . For the Q 0302−003 sightline we used the higher-quality HST /COS G130M data (R ≈ 18, 000, 0.03Å per Nyquist-binned pixel; Syphers & Shull 2014) instead of the HST /STIS data presented in Worseck et al. (2016) . We checked our reduction by comparing the measured He ii effective optical depths in the Q 0302−003 sightline to those presented by Syphers & Shull (2014) , finding very good agreement.
As detailed in Worseck et al. (2016) we suppressed geocoronal emission lines by considering only data taken during orbital night or at restricted Earth limb angles in the affected spectral ranges. Nevertheless, decontaminated regions had to be excluded from our analysis due to the vastly reduced sensitivity to strong He ii absorption and sometimes extremely weak geocoronal residuals in the coadded data. Geocoronal Lyα emission was excluded. In addition we apply a liberal signal-to-noise Syphers et al. 2011; Zheng et al. 2015; Worseck et al. 2016 HE 2347 −4342 COS G140L 2000 11528 Green Shull et al. 2010 Worseck et al. 2016 (S/N) cut. Since most of our pathlength is within GunnPeterson troughs where the flux is consistent with zero we cannot apply a real limit on the S/N but instead require the continuum level to correspond to at least five counts per spectral bin. This mostly affects the short wavelength end of the spectra where the efficiency of the instrument drops dramatically. The background quasar proximity zones were excluded by measuring the dropping He ii transmission from the proximity zone to the strongly saturated He ii absorption in the IGM (e.g. Zheng et al. 2015) . By excluding the entire background quasar proximity zone we may have excluded the transverse proximity zones of foreground quasars at similar redshifts (Worseck & Wisotzki 2006; Syphers & Shull 2014 ), but as these cases are degenerate and therefore require detailed modeling we make sure that our sample is not affected by any background quasar proximity zone.
2.2. Deep Survey on 8 m class Telescopes For our deep imaging survey we used the Large Binocular Cameras at the Large Binocular Telescope (LBT/LBC, Speziali et al. 2008; Giallongo et al. 2008 ) to obtain optical multiband photometry (U Spec , g, r and i) over an area of 23 × 25 approximately centered on the targeted He ii sightline. Imaging for 10 He ii sightlines was obtained over several runs in 2009 ). We observed in binocular mode with U Spec and g (r and i) filters on the blue (red) camera. Individual exposure times were short (around 120 seconds) to limit saturation of bright stars. Depending on the field and the observing conditions, total exposure times were 70 to 100 minutes in the U Spec filter, 10 to 30 minutes in g, 18 to 35 minutes in r and 38 to 54 in the i filter. With this strategy we reached a homogeneous depth in U Spec , which is the limiting factor for our target selection due to the expected colors of z ∼ 3 quasars (U Spec − g ∼ 2). Due to the observation in binocular mode, the red filters naturally reached a sufficient depth.
Due to declination and scheduling constraints, the fields of HE 2347−4342 and SDSS J1237+0126 were not observed with LBT/LBC. For the field of HE 2347−4342 we obtained multiband imaging (U g r i) with the 36 ×36 Mosaic II camera at the 4 m Blanco Telescope at the Cerro Tololo Inter-American Observatory (Muller et al. 1998) . The field of SDSS J1237+0126 was imaged in g r i with Mosaic 1.1 at the 4 m Mayall Telescope at the Kitt Peak National Observatory, and in U with Magellan/Megacam (McLeod et al. 2015) . Exposure times were increased to achieve an imaging depth similar to our LBC observations. Data reduction, mosaicing of the individual dithered exposures, stacking, astrometry and photometry was done using our own custom pipeline based on IRAF routines and SCAMP, SWarf and SExtractor 7 (Bertin 2006; Bertin et al. 2002; Bertin & Arnouts 1996) . An example for a reduced r band image is given in Figure 1 . For fields covered by SDSS the astrometric solution is tied to the SDSS reference frame using SDSS star positions, while the photometric calibration is tied to SDSS ubercal photometry (Padmanabhan et al. 2008) to define the zero point and to correct for non-photometric observations. For HE 2347−4342 that lies outside the SDSS footprint we had to rely on the USNO-B1.0 catalog and photometric standards. We used the reddest bands (r or i) for source detection and used forced photometry to extract fluxes at the identical positions in the other bands. Magnitudes were corrected for Galactic extinction assuming the reddening terms from SDSS (Stoughton et al. 2002) and E(B − V ) for the background quasar from Schlegel et al. (1998) , i.e. not accounting for reddening variations across the field. Star-galaxy classification was also done in the reddest observed bands since they had the best image quality with a full width at half maximum (FWHM) of 0.8 . The 5σ point source imaging depth of our LBT/LBC images is typically 26.5 mag in U Spec and g, and 26.0 mag in r and i, respectively. Selection of quasar candidates was done by applying cuts in the U Spec −g vs. g −r color space as shown in Fig-1 h 00 m 20 ure 2. A theoretical color track and contours have been computed from SDSS mock photometry of quasars including the spread in color due variations in the spectral energy distribution (SED) and IGM absorption . The stochastic IGM Lyman continumm absorption leads to a large scatter around the median track, and in particular for z ≈ 3 the range of expected quasar colors overlaps substantially with the stellar locus, highlighting again the difficulties of quasar color selection at these redshifts (Richards et al. 2002b; . We used a selection box of the form
which is visualized in Figure 2 . It accounts for the expected range in color for z ∼ 3 quasars while limiting the stellar contamination. Lower-priority candidates were selected from an extended selection box (g − r) < 0.6 that overlapped with the stellar locus ( Figure 2 , dashed region). Spectroscopic verification of the quasar candidates was done with the VIsible MultiObject Spectrograph (VI-MOS, Le Fèvre et al. 2003) at the Very Large Telescope (VLT), whose four 7 × 8 quadrants cover most of the 23 × 25 LBC field of view (Figure 1 ). Custom designed focal-plane slit masks were used to simultaneously take low-resolution spectra (LR Blue grism, R ≈ 180, wavelength range 3700-6700Å) of ≈ 32 candidates per quadrant. Each of our 10 imaged fields was covered by a single VIMOS pointing with a typical exposure time of 2 × 30 minutes. The data were reduced with the standard Es- Figure 2 . Candidate selection for our deep survey. Shown are all point-like objects with photometric detections in all bands (S/N> 5) as dots or contours (blue). A theoretical color track for 2.7 < z < 3.5 quasars and corresponding completeness contours are shown in black . We selected high-priority quasar candidates from a box shown in red and lowerpriority candidates from the dashed region. Confirmed quasars are overplotted as star symbols. Colors from green to orange indicate the redshift (z < 2.5, 2.5 < z < 3, 3 < z < 3.5, z > 3.5). Quasars having only a limit in U (S/N< 5) have a black tick to the right. Figure 3 . Spectra of three representative foreground quasars observed with different telescopes and instruments used for this study. All three quasars are located around the He ii sightline toward PC 0058+0215 and marked in Figure 1 . The observed flux density is shown in blue and the 1σ error array in red. Overplotted is a quasar template (Vanden Berk et al. 2001) shifted to the redshift of the observed quasars but not adapted to match the different line strengths of the shown quasars.
SDSS
oRex VIMOS pipeline 8 to which we added custom masking of zeroth-order contamination which is unavoidably present in the raw frames. An example spectrum of a quasar discovered by our VIMOS survey is shown in the middle panel of Figure 3 .
For the field of Q 0302−003, additional quasar candidates outside our VIMOS pointing were observed 8 http://www.eso.org/sci/software/cpl/esorex.html with the DEep Imaging Multi-Object Spectrograph (DEIMOS, Faber et al. 2003) at Keck Observatory. We however did not find any additional quasar in this attempt.
Wide Survey on 4 m Class Telescopes
Our deep multi-object spectroscopy was complemented by individual longslit observations of brighter quasar candidates at larger angular separations (10 ∆θ 90 ). Due to the large area on the sky and sparse target distribution, longslit spectroscopy of single targets is preferable to multi-object spectroscopy. It requires, however, a much higher selection efficiency than possible for z ≈ 3 quasars from optical photometry alone. We selected candidates from the XDQSOz catalog (DiPompeo et al. 2015) based on the extreme deconvolution technique (Bovy et al. 2011 (Bovy et al. , 2012 and the KDE catalog (Richards et al. 2015) . Both catalogs are based on SDSS ugriz imaging but also incorporate infrared photometry from the Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010 ). The WISE 3.6 µm and 4.5 µm bands are sensitive to the emission of hot dust surrounding AGN (Stern et al. 2012; Assef et al. 2013 ). This characteristic feature allows for very efficient separation of quasars from galaxies and stars. Both catalogs give a photometric redshift estimate or even a probability distribution. We used this information to maximize the probability for candidates to be confirmed with a redshift covered by the He ii Lyα absorption spectra of the background quasars and prioritized targets accordingly. We also designed our wide survey to maximize the expected He ii transverse proximity effect. Based on the position, brightness and photometric redshift, we estimated the photoionization rate Γ HeII QSO that every of these putative quasars would cause at the background sightline (see § 2.6 for a definition of Γ HeII QSO ). We then selected and prioritized according to cuts in Γ HeII QSO , primarily targeting objects with expected Γ HeII QSO > 0.5 × 10 −15 s −1 . For spectroscopic confirmation we used the ESO 3.5 m New Technology Telescope Faint Object Spectrograph and Camera (NTT/EFOSC2, Buzzoni et al. 1984 ) and the Calar Alto Observatory (CAHA) 3.5 m telescope TWIN spectrograph. We used the EFOSC2 grating g782 (R = 180-450, wavelength range 3700-9000Å). For TWIN we used only the blue arm with grating T13 (R = 620-1000, wavelength range 3900-7000Å). A slit width between 1.2 and 1.5 was used and the slit oriented at the parallactic angle. With these setups the limiting magnitude for both instuments was r ≈ 21 mag for the longest used integration times of one hour. The CAHA/TWIN spectra were taken in 32 nights between November 2014 and August 2015, while NTT/EFOSC2 observations were performed during 5 nights in December 2014.
Data were reduced using the XIDL Low-Redux package
9 . An example spectrum of a quasar confimed with NTT/EFOSC2 is shown in Figure 3 . Overall, 36% of the observed targets were confirmed as quasars and 11% had a redshift within the covered He ii Lyα forest of the background quasar.
As part of the wide survey we also verified a quasar with an uncertain redshift in the vicinity of HS 1700+6416 (Syphers & Shull 2013) . We used the Keck Low Resolution Imaging Spectrometer (Keck/LRIS, Oke et al. 1995; McCarthy et al. 1998 ) to confirm its redshift. Data were as well reduced using the XIDL Low-Redux package.
Selection from SDSS and BOSS
For He ii sightlines within the SDSS footprint we also use quasars from the SDSS DR12 catalog (Alam et al. 2015; Pâris et al. 2016 ). This has the advantage that we can include large numbers of quasars out to very large separation from the background sightline. For our initial input catalog we selected all quasars within 240 of the background sightlines and with z > 2.5. For HS 1700+6416 whose COS spectrum covers lower redshifts we adapted the latter criterion accordingly. This ensures that we include all objects that may contribute significantly to the ionizing background at the location of the background sightline. At later stages in our analysis we will impose cuts on the expected photoionization rate at the background sightline. The vast majority of the selected quasars have r < 21 mag.
We note that Q 0302−003 and SDSS J2346−0016 lie within SDSS Stripe 82 that was imaged multiple times, offering photometry approximately two magnitudes deeper than the standard SDSS imaging (Abazajian et al. 2009), and was also targeted by additional spectroscopy, using different selection algorithms (e.g. variability, see Butler & Bloom 2011; PalanqueDelabrouille et al. 2011) . We actually find a higher density of foreground quasars near the SDSS J2346−0016 sightline but not for Q 0302−003.
Systemic Quasar Redshifts
Quasar redshifts determined from the rest-frame ultraviolet emission lines (redshifted into the optical at z ∼ 3) can differ by up to 1000 km s −1 from the systemic frame, because of outflowing/inflowing material in the broad line regions of quasars (Gaskell 1982; Tytler & Fan 1992; Vanden Berk et al. 2001; Richards et al. 2002a; Shen et al. 2007 Shen et al. , 2016 Coatman et al. 2017) . We estimate systemic redshifts by combining the line-centering procedure used in Hennawi et al. (2006) with the recipe in Shen et al. (2007) for combining measurements from different emission lines. The resulting typical redshift uncertainties using this technique are in the range σ z 270-770 km s −1 depending on which emission lines are used. But given the low S/N ratio of ≈ 5 of many of our spectra, we conservatively assume our estimates of the systemic quasar redshift to be not better than 1000 km s −1 .
2.6. Estimate of the He ii Photoionization Rate To estimate the impact a foreground quasar has on the ionization state of the IGM we calculate the He ii photoionization rate at the location of the background sightline. We use the Lusso et al. (2015) quasar template which is based on HST UV grism spectroscopy, corrected for IGM absorption and covers the restwavelength range down to 600Å. We redshift and scale this template to match our r band photometry which always falls redwards of Lyα and measures the quasar continuum flux. From the scaled template we infer the flux at 912Å and extrapolate to the He ii Lyman limit at 228Å assuming the specific luminosity to follow a power law L ν ∝ ν α . The quasar spectral slope α beyond 912Å is not very well constrained since the frequencies between the extreme UV and soft X-rays are basically unobservable. We adopt a value of α = −1.7 as determined by Lusso et al. (2015) (however with a large uncertainty of ±0.6), which is consistent with the independent measurement of Stevans et al. (2014) , as well as the slope between UV and X-ray regime (Lusso et al. 2015) , but differs from the value of α = −0.73 ± 0.26 reported by Tilton et al. (2016) . The uncertainty in α and the long range of extrapolation from 912Å beyond 228Å causes substantial uncertainty in the inferred photoionization rate, e.g. up to a factor of 2.5 for α = −1.7±0.6. However, this mostly affects the absolute scaling of Γ HeII QSO . A relative comparison of different foreground quasars will not be severely affected.
We convert quasar luminosity to flux density F ν at the background sightline according to
This is a function of the transverse distance D between the foreground quasar and the background sightline measured at the redshift of the foreground quasar, and the mean free path to He ii-ionizing photons in the IGM λ mfp . However, quasars change the ionization state of the surrounding IGM by creating large proximity zones. Therefore, the mean free path relevant for us is not the one at random locations in the IGM but an effective mean free path within the proximity zone (e.g. McQuinn & Worseck 2014; Davies & Furlanetto 2014; Khrykin et al. 2016b ). The He ii transverse proximity effect should in principle be able to constrain the mean free path, but at present it is not well constrained by observation or simulation. Current studies (e.g Davies & Furlanetto 2014 ) suggest λ mfp 50 cMpc at z ≈ 3, longer than the scales probed by our study (D 40 cMpc). We therefore ignore IGM absorption for now and assume pure geometrical dilution of the radiation by setting λ mfp = ∞.
Implicitly, we have assumed isotropic emission and infinite quasar lifetime with constant luminosity. Although current constraints suggest t Q 10 8 yr, we assume for simplicity no time dependence in our fiducial model and constrain t Q later. Also, the widely used unified AGN models (see, e.g. Antonucci 1993; Elvis 2000) assume a large-scale anisotropy of the UV and optical emission and relate the dichotomy between broad line quasars (Type I) and AGN displaying only narrow emission lines (Type II) to the presence of obscuring material that blocks the direct view on the accretion disc and broad line region if observed from certain directions. Studies focusing on the numbers of Type Is vs. Type IIs suggest (with large uncertainties) approximately equal numbers (e.g. Brusa et al. 2010; Lusso et al. 2013; Marchesi et al. 2016 ) which suggests opening angles of ≈ 120 degrees if one assumes a bi-conical emission. In consequence, the Type I quasars from our survey might be obscured towards parts of the background sightlines. However, we have no way to either infer the orientation or the exact opening angle of the foreground quasar and therefore no other choice than to assume isotropic emission for our fiducial model. A de-tailed modeling of obscuration effects is beyond the scope of this paper.
We therefore remain for now with the simplest isotropic model and convert UV flux density to He ii photoionization rate by
in which h P denotes Planck's constant and ν 0 the frequency of the He ii ionization edge. For the second part we have assumed the quasar spectra to follow the power law description F ν = F ν0 × ( ν /ν0) α introduced above and for the He ii cross-section the approximation σ ν, HeII ≈ σ HeII,0 ×( ν /ν0) −3 with σ HeII,0 = 1.58×10 −18 cm 2 (Verner et al. 1996) . This calculation condenses the observed parameters (angular separation from background sightline, apparent magnitude, redshift) into one convenient number which can be used to estimate the possible influence of a foreground quasar on the background sightline. Although there is substantial uncertainty in the spectral slope and our calculation of the photoionization rate assumes simplifications like infinite lifetime, no IGM absorption and completely ignores obscuration effects, Γ HeII QSO represents an important physical quantity and is (on average) a good proxy for the strength of the transverse proximity effect ( § 4.3). We will use Γ HeII QSO extensively throughout the paper to select subsamples from our quasar catalog. Although we impose no universal threshold, we typically consider foreground quasars with Γ Khrykin et al. 2016b) . We caution that a direct comparison of our Γ HeII QSO estimates to global UV background models is affected by substantial uncertainty due to different quasar SED parameterizations (see Lusso et al. 2015 for a discussion). It gives, however, a rough indication of the value above which we expect a foreground quasar to substantially impact the IGM ionization structure. We also include objects with 0.5 × 10 −15 s −1 < Γ HeII QSO < 2 × 10 −15 s −1 to explore the effect of weaker quasars. See § 4.3 for a detailed analysis and § 5 for the impact of individual objects.
Final Quasar Sample
After restricting the combined quasar sample to have science-grade He ii Lyα coverage along the background sightline ( § 2.1) and Γ HeII QSO > 0.5 × 10 −15 s −1 we end up with 66 foreground quasars, summarized in Table 2 . Here we have included quasars discovered in previous dedicated surveys in these fields (Jakobsen et al. 2003; Steidel et al. 2003; Hennawi et al. 2006; Worseck & Wisotzki 2006; Worseck et al. 2007; Syphers & Shull 2013 ). Our survey yields in total 131 new quasars in the projected vicinity of the 22 He ii-transparent quasars (Table 3) , 27 of which have Γ HeII QSO > 0.5 × 10 −15 s −1 and fall in regions with science-grade He ii Lyα absorption.
Our final foreground quasar sample is illustrated in Figure 4 . With our deep survey (yellow symbols) we are able to detect quasars ≈ 2 mag fainter than SDSS, and preferentially discover quasars close to the background sightline (D 8 pMpc) with still high photoionization Spectra of all He ii sightlines are shown in Figure 5 together with their respective foreground quasars. Gaps in the spectra are due to masking of geocoronal residuals ( § 2.1). The regions that pass our quality criteria are indicated with a light green stripe at the bottom of the plots. Overplotted are the positions of foreground quasars.
SEARCH FOR THE TRANSVERSE PROXIMITY EFFECT IN INDIVIDUAL SIGHTLINES
Although the main aim of this work is a statistical analysis of the He ii transverse proximity effect, we will briefly discuss a few special objects to build intuition about the proximity effect signal.
HS 1700+6416
Near HS 1700+6416 four foreground quasars were discovered by Syphers & Shull (2013) , one of which had an uncertain redshift assignment (z = 2.625) due to a single detected emission line. With our Keck/LRIS spectrum we confirmed this quasar at a redshift z = 2.628 ± 0.003, matching a broad He ii transmission peak in the COS spectrum. Our CAHA survey discovered three additional foreground quasars at z > 2.3, one of which lines up with a narrow He ii spike at z = 2.614. Note. -For each telescope/instrument or catalog we only give the number of detected or used quasars that are included in our statistical analysis, therefore only counting quasars for which we have usable coverage in the He ii Lyα spectrum (e.g. position not contaminated, not in the proximity zone or behind the He ii quasar, see Figure 5 ) and which cause an estimated photoionization rate at the He ii sightline of Γ HeII QSO > 0.5 × 10 −15 s −1 (see § 2.6). However, at these low redshifts where He ii reionization is likely to be already completed, it is unclear whether these features are caused by the additional ionizing radiation of foreground quasars or arise due to density fluctuations. Given the generally high He ii transmission at z < 2.7, a random association of a foreground quasar with such a region is much more likely to occur than at higher redshifts. Chance alignments of the two foreground quasars with the HS 1700+6416 transmission spikes thus cannot be excluded.
Q 0302−003
The sightline towards Q 0302−003 presents the prototypical case for the He ii transverse proximity effect.
At z < 3.19, i.e. outside the large line-of-sight proximity zone of the background quasar (≈ 80 cMpc), the He ii spectrum shows almost no transmission down to redshifts 2.9. The exception is a striking transmission feature at z = 3.05 (Heap et al. 2000) with a width of ≈ 450 km s −1 (5.7 cMpc) and a peak transmission of 80% 10 . Jakobsen et al. (2003) found an r = 20.6 mag foreground quasar with a corresponding redshift z = 3.050±0.003 6.5 away from the sightline and argued that this results from the He ii transverse proximity effect.
Our survey uncovered a second quasar at a very similar redshift of z = 3.047, but further away from the background sightline (8.5 ) and 0.7 mag fainter than the Jakobsen et al. (2003) quasar (Figure 6). Based on its 10 Only for Q 0302−003 we use a high-resolution COS G130M spectrum. The spike would be marginally resolved at G140L resolution and show a lower peak transmission but would still be identified as an outstanding spectral feature. ) quasar seems to be the dominant source of He ii-ionizing photons, but given the uncertain impact of obscuration, lifetime and quasar SED effects on the resulting photoionization rate from either quasar ( § 2.6), we cannot make any judgment about their relative contribution. The second quasar could still have a significant impact and it might be that the prominent He ii transmission spike is the result of the combined ionizing power of both quasars. In any case, it demonstrates that a one-to-one assignment of transmission spikes to foreground quasars is an oversimplified approach that does not capture the full complexity of the He ii transverse proximity effect.
Foreground Quasars with the Highest Observed
Photoionization Rates Our sample contains three new foreground quasars for which we infer a photoionization rate substantially higher than the Jakobsen et al. (2003) quasar. The respective regions in the He ii spectra are shown in Figure 6 . Near the sightline toward SDSS J1253+6817 we have discovered a z = 3.20 quasar with an estimated Γ HeII QSO = 16.9 × 10 −15 s −1 , 40% larger than for the Jakobsen et al. (2003) quasar. Despite this, there is no transmission spike observed even remotely comparable to the one in the Q 0302−003 sightline. The spectrum in this region is consistent with zero transmission (τ eff > 4). Despite the somewhat larger separation from the background sightline and the slightly higher redshift, this is a very surprising result. A similar situation is observed for HE2QS J2149−0859, where we find a foreground quasar Figure 5 . He ii sightlines continued. The vicinity of HE2QS J1630+0435 was targeted as part of our wide survey but no relevant foreground quasar was found. Although this sightline does not add any transverse proximity effect data, we include it in the statistical analysis (in particular the Monte Carlo analysis § 4.2), and therefore show it in this figure. We have discovered three additional quasars for which the inferred He ii photoionization rate is in excess of the Jakobsen et al. (2003) system, and an order of magnitude above the estimated UV background. Whereas the precedent set by Jakobsen et al. (2003) might lead one to expect strong transmission spikes associated with all three of these new foreground quasars, this is clearly not the case. These new objects illustrate that there is no simple deterministic relationship between transmission spikes and our inferred He ii photoionization rate. Instead they point to a large scatter in the transverse proximity effect which probably results from dependencies on other parameters (e.g. lifetime, obscuration, equilibration time, IGM absorption, IGM density fluctuations) which are not captured by our simple isotropic Γ HeII QSO model (see § 2.6). This highlights that a statistical analysis on a large sample of foreground quasars is required to overcome the large sightline-to-sightline variation encountered in the analysis of individual associations, which is the main aim of this work.
STATISTICAL DATA ANALYSIS OF THE HE II
TRANSVERSE PROXIMITY EFFECT 4.1. Average He ii Transmission near Foreground Quasars Our strategy is to stack the He ii Lyα spectra centered on the redshifts of the foreground quasars. This gives us an average He ii transmission profile along the background sightlines which can then be tested for a local enhancement in the vicinity of the foreground quasars.
From the masked He ii spectra ( § 2.1, Figure 5 ) we extract regions of ±120 cMpc (corresponding to ∆z = 0.125 or 9400 km s −1 at z = 3) centered on the redshifts of the foreground quasars and rebin them to a common pixel scale of 5 cMpc (390 km s −1 or ∆z = 0.005 at z = 3), much coarser than the typical resolution of our He ii spectra (R ≈ 2000). From this set of extracted and rebinned spectra we select a subsample for which the individual foreground quasars exceed a threshold in the inferred He ii photoionization rate ( § 2.6). We then compute for each spatial bin the mean transmission by averaging over all spectra in the subsample.
For each bin we estimate uncertainties using the bootstrap resampling technique and compute the 15%-85% percentile interval. The bootstrap errors should give a combined estimate on the measurement error and the statistical fluctuations in the transverse proximity effect signal. However, bootstrapping is probably not converged for very small samples with N 5 quasars. We therefore also propagate the formal photon-counting error of the initial spectra and take the maximum of propagated and bootstrap error. For bins with sufficient samples the bootstrap errors give the larger and more physical uncertainty. In cases where we have very few samples ( 3) the errors will be underestimated. However, these errors are only used for qualitative visualization purposes to provide an estimate of the error in our stack. Our analysis and estimate of the significance does not depend on these error estimates but is instead based on Monte Carlo simulations (see § 4.2).
A stack including all foreground quasars with Γ HeII QSO > 2.0 × 10 −15 s −1 is shown in Figure 7 . The top panel shows the stacked He ii spectra centered on the foreground quasars. The lower x-axis gives the distance in comoving Mpc from the points on the sightlines that are closest to the foreground quasars, denoted as R . The upper x-axis converts this distance into an approximate velocity assuming Hubble flow and using the median redshift of the sample z = 2.89 for the conversion. Bootstrap errors (15%-85% percentile range) are shown as the gray shaded area. Since we have to mask the He ii spectra according to the conditions described in § 2.1, the spectra do not necessarily have continuous coverage. This leads to some variation in the number of spectra contributing per bin which we therefore explicitly show in the bottom panel below the stack.
For the sake of illustration we also compute the expected stacked signal at random positions in the IGM, which is shown as the thin black line in Figure 7 . We binned the He ii spectra to a common grid of width ∆z = 0.04 and computed for each bin the median transmission over all contributing spectra. Through these points we then fit a cubic spline as our model of the median IGM He ii transmission. The result is shown in Figure 8 , which clearly shows the high He ii opacity of the IGM above z > 3.2 and the rapid increase in transmission below that redshift. To compute the thin black line in Figure 7 , we evaluate this spline fit at the redshifts corresponding to the pixels in the selected background sightlines and mask and stack these values in exactly the same way as the original data.
At line-of-sight distances of |R | > 30 cMpc one observes a fairly flat and constant transmission at the 8% level, consistent with the median IGM transmission. At |R | < 15 cMpc we see a clear enhancement to 20% transmission that is centered on the position of the foreground quasars and falls off gradually to larger distances. As ≈ 20 sightlines contribute per 5 cMpc bin, this enhancement is a clear indication for the presence of a He ii transverse proximity effect in the average IGM around quasars.
The shape of the observed transmission profile seems to be asymmetric, having the peak slightly behind the foreground quasar, falling off gradually to lower redshifts (R < 0) and more steeply to higher redshifts (R > 0). However, quasar redshift errors are large enough to significantly contribute to the observed shape of the transmission profile (σ z ≈ 1000 km s −1 corresponding to 13 cMpc at the median redshift z = 2.89). We therefore cannot make any statement about its intrinsic shape. Our stack also shows some enhanced transmission between +20 cMpc and +50 cMpc, i.e. behind the foreground quasar. It is not as pronounced as the central peak and is marginally consistent with the median IGM transmission in most of the bins. In the following we will quantify the statistical significance of the central transmission feature as well as the transmission enhancement around +40 cMpc.
Monte Carlo Significance Estimate
To formally estimate the significance of the increased He ii transmission in the vicinity of foreground quasars we perform a Monte Carlo analysis. The first step is to quantify the strength of the enhanced transmission. For this we require a measure for the amount of excess transmission. We define a kernel of ±15 cMpc, i.e. slightly larger than the typical 13 cMpc position uncertainty of foreground quasars, and compute the average transmission of the stack inside this window. The average transmission within |R | < 15 cMpc can then be compared to the average transmission in a control window (15 cMpc < |R | < 120 cMpc). The control window should yield a fair estimate of the average transmission since the bins sufficiently far away are unlikely to be correlated with the foreground quasar. They therefore represent the average IGM at approximately the same redshift and probed by the same sightlines which naturally incorporates the redshift distribution of the stacked subsample. The large size of our control window of 210 cMpc ensures that we do not add unnecessary noise to our statistic. We define the transmission enhancement as the difference of the He ii transmission (T ) within the central ±15 cMpc and the transmission outside of this and denote it as
To evaluate the probability distribution of the transmission enhancement at random locations in the IGM we create a large number of mock stacks.We take He ii spectra centered on random redshifts drawn from a red- shift distribution matching the redshift distribution of foreground quasars in the science stack, and keep adding such spectra to the random stacks until the average number of contributing spectra per spectral bin equals the one in the science stack. We stress that due to the the limited number of He ii sightlines and discontinuous coverage the number of contributing spectra can only be matched on average but not necessarily for each bin of the stack. Examples of mock stacks are shown in Figure 9 . We then count for how many mock stacks the transmission enhancement ξ TPE exceeds the measured value in the science stack. We create mock stacks until 500 of them fulfill this condition to ensure proper sampling of the tail of the distribution. The transmission enhancement in the science stack with Γ HeII QSO > 2 × 10 −15 s −1 (Figure 7 ) is ξ TPE = 0.058. The blue histogram in Figure 10 shows the ξ TPE distribution of random stacks matched to this science stack in terms of redshift distribution and number of contributing spectra per bin. We find that in 0.1% of the random stacks the transmission enhancement exceeds the measured ξ TPE = 0.058. The ξ TPE distribution is well approximated by a Gaussian (blue dotted curve in Figure 10) , so we detect a transmission enhancement at a statistical significance of 3.1σ. In the following subsections we will create stacks with modified selection criteria. To illustrate how this influences the corresponding Monte Carlo analyses, we consider a science stack of all foreground quasars with a lower threshold value Γ dominate our signal. Excluding the region of the transmission spike at z = 3.05 together with the two nearby foreground quasars and repeating our Monte Carlo analysis, we still end up with a chance probability of 1.5% for the measured enhanced transmission, corresponding to a 2.2σ detection. We show later in § 5 that while these two foreground quasars contribute significantly to our transverse proximity signal, they are however not the ones with the strongest transmission enhancements.
We further use our Monte Carlo scheme to evaluate the significance of the excess transmission seen in the stack (Figure 7 ) at R ≈ +40 cMpc. For this we define a window +30 cMpc < R < +55 cMpc and compute ξ TPE for this range, while defining control windows at R < −15 cMpc and R > +55 cMpc to exclude the central transmission peak. We find a by-chance probability of 1.9% corresponding to a significance level of 2.1σ. Given that we specifically chose the limits of the window to maximize the impact of the secondary peak, it could still be consistent with a statistical fluctuation. It is, however, difficult do draw definitive conclusions without additional data.
Dependence on Γ

HeII QSO
So far we have focused on stacks with a photoionization rate threshold of Γ HeII QSO > 2 × 10 −15 s −1 that is similar to or higher than the estimated UV background photoionization rate (Haardt & Madau 2012; Khrykin et al. 2016b ) and gives the strongest signal. It is, however, informative to vary the range of Γ HeII QSO . Figure 11 shows spectral stacks centered on foreground quasars in four consecutive ranges of Γ (Haardt & Madau 2012; Khrykin et al. 2016b ), and we interpret the detected excess transmission as their transverse proximity effect. For foreground quasars with lower estimated photoionization rates (lower two panels in Figure 11 ) any indication of the transverse proximity effect vanishes, in agreement with our expectation. We find ξ TPE = −0.019 and ξ TPE = 0.0, respectively. The increased absorption in the panel third from top has a significance of 0.85 σ (p = 0.2) and is therefore consistent with the average transmission.
From the sequence of decreasing excess transmission with decreasing Γ HeII QSO in Figure 11 we conclude that the transmission peaks are due to the transverse proximity effect of the foreground quasars. Additionally, this sequence confirms that Γ HeII QSO is a useful estimator for the strength of the transverse proximity effect in an ensemble of foreground quasars, despite the assumptions in § 2.6. However, this is only true when averaging over a sample. As shown in § 3 and later in § 5, there is a large object-to-object variance. have a median redshift of z = 2.89 over a range 2.5 z 3.5. We expect helium reionization to finish at these redshifts (Madau & Meiksin 1994; Reimers et al. 1997; Miralda-Escudé et al. 2000; McQuinn 2009; Haardt & Madau 2012; Compostella et al. 2013 Compostella et al. , 2014 Worseck et al. 2016) and it is thus expected that the average properties of the IGM are different around our high-redshift quasars compared to the ones at low redshift. The evolution in mean transmission was already illustrated in Figure 8 and it can also be seen in our stacks. In Figure 12 we show stacks of the He ii transmission near foreground quasars with Γ HeII QSO > 2.0 × 10 −15 s −1 in three redshift ranges (z < 2.7, 2.7 < z < 3.1, z > 3.1).
The z > 3.1 sample is consistent with zero transmission in most of the bins including the positions close to the foreground quasars. We see no indication for a transverse proximity effect (ξ TPE ≈ 0), but note that only ≈ 3 quasars contribute to this stack. For intermediate redshifts (2.7 < z < 3.1) we find a detectable non-zero average He ii transmission in the IGM that is enhanced in the vicinity of foreground quasars (ξ TPE = 0.055). The contrast between the transmission in the quasar vicinity and the average transmission in the IGM far from quasars is largest for this redshift interval, and we find a significance of 1.9σ (p = 0.026). At z < 2.7 the mean transmission rises quickly. We find a transmission enhancement of ξ TPE = 0.081, but fluctuations in the Lyα forest and the relatively high mean transmission reduce its significance. Also, the COS sensitivity drops at λ < 1110Å (z < 2.65) and the few available spectra are very noisy. Therefore we find a significance of only 1.2σ (p = 0.12).
Constraining the Quasar Episodic Lifetime with
the Transverse Proximity Effect The detection of the He ii transverse proximity effect presented in the previous subsections sets the stage for constraining quasar properties, in particular the episodic quasar lifetime t Q . Conceptually, this requires only a few further assumptions. If we attribute enhanced He ii transmission to the transverse proximity effect of a nearby foreground quasar at the same redshift, we see the quasar and this IGM parcel at the same lookback time. However, to ionize the gas, the quasar had to emit He iiionizing photons at least for the transverse light crossing time between the foreground quasar and the sightline (e.g. Jakobsen et al. 2003; Worseck & Wisotzki 2006; Furlanetto & Lidz 2011) . If we assume a simple lightbulb model in which the quasar turns on, shines with constant luminosity for some time and turns off again, it had to shine for at least the light crossing time to allow simultaneous observation of the quasar and the additional Figure 7) while the two others only include quasars above a minimum separation of Dprop > 15 Mly and > 25 Mly. The transverse proximity effect persists in these stacks with a significance of 3.2σ and 2.6σ, respectively. Since we simultaneously observe quasars and enhanced ionization at the background sightline, the quasars must shine for longer than the transverse light crossing time, implying a quasar lifetime of t Q > 25 Myr.
ionization at the background sightline. We can therefore infer a geometric limit for how long the quasars already had to be active (t age ) which sets a lower limit on the episodic lifetime of quasars (t Q ).
To do so, we create stacks for quasars above a minimum transverse separation from the background sightline. If the transverse proximity effect persists in the stack, the quasars on average have to shine for at least the light crossing time corresponding to that distance. This is presented in Figure 13 . We select quasars with Γ For D prop > 15 Mly we detect enhanced transmission (ξ TPE = 0.097), and our Monte Carlo simulations with this cut in D prop yield a significance level of 3.2σ or a by-chance probability p = 0.0006. The slightly higher significance compared to the stack including all foreground quasars (3.1σ) may be because at larger distances more luminous quasars are required to meet our threshold in Γ HeII QSO . These more luminous quasars probably have larger proximity zones (Khrykin et al. 2016b ) possibly explaining the slightly higher significance. However, this could also be due to stochasticity in the data. For the stack including only foreground quasars with D prop > 25 Mly the enhanced transmission persists (ξ TPE = 0.116) at 2.6σ significance (p = 0.0053). However, at D prop > 25 Mly only ≈ 5 quasars are bright enough to yield a photoionization rate Γ HeII QSO > 2 × 10 −15 s −1 . Note that our measurements at large separations do not include the prominent z = 3.05 He ii transmission spike in the Q 0302−003 sightline, as both foreground quasars are at D prop < 13 Mly (Figure 6) .
We also test stacks with lower cuts on Γ HeII QSO that yield consistent results, however at an overall lower confidence level. A detailed overview of the significance estimates for various QSO separations and cuts on Γ HeII QSO is given in Figure 14 . For all parameter combinations we first create the science stack and then run a Monte Carlo analysis matched to that sample. Figure 14 clearly illustrates the presence of a transverse proximity effect out to substantial distances. The corresponding lifetime constraints depend on the minimum requirements (sample size, Γ HeII QSO cut, σ limit). We obtain a 2.6σ detection (which we call significant) for Γ HeII QSO > 2×10 −15 s −1 and D prop > 25 Mly (i.e. 8 pMpc), resulting in a lower limit on the quasar lifetime of 25 Myr.
QUANTIFYING THE TRANSVERSE PROXIMITY EFFECT FOR INDIVIDUAL QUASARS
Given the apparently discrepant results that foreground quasars with high estimated He ii photoionization rates often show no signs of a transverse proximity effect ( §3) whereas the effect is clearly detected in stacked spectra ( §4), we apply the ξ TPE statistic (Equation 4) to individual sightlines and investigate the variance in ξ TPE among our foreground quasar sample. This necessarily results in a noisy statistic since we do not average down QSO separation from sightline in pMpc Figure 14 . Significance estimate of the lower limit on the quasar lifetime from our Monte-Carlo analysis. The top panel gives the probability that the transmission enhancement ξ TPE in our mock stacks exceeds the value that is measured in the science stack. This is given as function of the cuts on separation and Γ HeII QSO . In absence of the transverse proximity effect (ξ TPE = 0) we expect 50% of the random stacks to exceed the measured transmission (dashed line). The probabilities corresponding to 1, 2 and 3σ detections are indicated by dotted lines. The bottom panel gives the average number of spectra contributing per bin in the stacks.
fluctuations caused by e.g. the cosmic density structure or other sources of stochasticity in the transverse proximity effect, but it allows us to investigate the effect of individual foreground quasars. Figure 15 shows a zoom-in of the He ii spectra in the vicinity of each foreground quasar contributing to the stack shown in Figure 7 . The regions are again chosen to extend for ±120 cMpc and binned to 5 cMpc, identical to the procedure adopted for stacking. The objects are sorted by transmission enhancement ξ TPE in increasing order from top left to bottom right. As already mentioned in Section 3, there is a large diversity in the appearance of the He ii spectra close to the foreground quasars. For some there is a substantial enhancement in transmission, e.g. for the quasars in the bottom row of Figure 15 including the z = 3.05 quasar near the Q 0302−003 sightline with ξ TPE = 0.14. For others we see no significant transmission enhancement (ξ TPE ≈ 0). For the two highest redshift foreground quasars at z > 3.1, the He ii spectra show no transmission at all (ξ TPE ≈ 0) and for one z = 2.815 quasar close to the HE2QS J2149−0859 sightline we even find substantially lower transmission at the quasar location than in the region around it (ξ TPE = −0.23, upper left corner of Figure 15) .
Although the transmission spike in the Q 0302−003 sightline is the most prominent feature in our sample, it does not have the highest ξ TPE (Equation 4). The reason is that, although the transmission spike is very strong, it is also rather narrow (≈ 450 km s −1 or 5.7 cMpc) 11 , far narrower than the ±15 cMpc window we average over, chosen to be slightly larger than the typical red-11 The Q 0302−003 sightline is the only one for which we use the high-resolution COS G130M spectrum and therefore clearly resolve the transmission spike. However, since the average transmission within ±15 cMpc used by our ξ TPE statistic is not affected by the resolution we do not smooth the spectrum to G140L resolution.
shift uncertainty of 1000 km s −1 . The average transmission within this window is therefore not extreme and for two other quasars we find substantially higher enhancements. Near the foreground quasar at z = 2.738 the SDSS J0936+2927 sightline exhibits transmission only at the 35% level but extending over the full width of the window, resulting in the highest measured transmission enhancement in our sample (ξ TPE = 0.33, bottom right panel in Figure 15 ). However, note that at z = 2.7 it is unclear how much of this large transmission can be attributed to density fluctuations in the post-reionization IGM. Indeed, we adopt the stacking technique to average down these large fluctuations.
In Figure 16 we show the distribution of ξ TPE and plot it against Γ −15 s −1 ) and shows a strong enhancement in transmission (ξ TPE = 0.14). The ξ TPE distribution has a mean value of ξ TPE = 0.056 which is consistent with ξ stack TPE = 0.058 in our stack (Figure 7) . For comparison we also show foreground quasars with 0.6 × 10 −15 s −1 < Γ HeII QSO < 2 × 10 −15 s −1 . These have ξ TPE = 0.004, indicating an insignificant transverse proximity effect, as expected given their low photoionization rates. The bottom panel of Figure 16 shows a histogram of ξ TPE for the sample of foreground quasars with Γ HeII QSO > 2 × 10 −15 s −1 (red). The blue histogram is based on our ξ TPE statistic applied to 10 6 random positions along the He ii sightlines with a redshift distribution matched to the one of the foreground quasars. We use a Kolmogorov-Smirnov test to investigate if the foreground quasar distribution is consistent with being drawn from the distribution of random positions. For the foreground quasars with 0.6 × 10 −15 < Γ HeII QSO < 2 × 10 −15 s −1 this is the case (p = 0.413), however the sample with Γ HeII QSO > 2 × 10 −15 s −1 is inconsistent with the random distribution (p = 0.047). This is additional proof for the presence of the He ii transverse proximity effect in our sample of foreground quasars, based on the full distribution of ξ TPE rather than just its mean value as in the stack.
6. DISCUSSION 6.1. Interpretation and Limitations of our Lifetime Constraint In § 4 we showed statistical evidence for a transverse proximity effect in our foreground quasar sample and derived a lower limit on the episodic quasar lifetime. There are several reasons why the intrinsic episodic quasar lifetime might in fact be larger than our limit. When creating stacks with a lower cut on the separation from the background sightline, we run out of bright foreground quasars with Γ Ionization rate Γ HeII QSO compared to the transmission enhancement ξ TPE for our sample of foreground quasars. Quasars with Γ HeII QSO > 2 × 10 −15 s −1 are shown in orange, quasars with 0.6 × 10 −15 s −1 < Γ HeII QSO < 2 × 10 −15 s −1 in gray. For identification, the quasars are labeled with their redshift. Bottom panel:
Histogram of ξ TPE for quasars with Γ HeII QSO > 2 × 10 −15 s −1 (red) and for 10 6 random positions in the He ii spectra with a matched redshift distribution (blue). Both histograms are normalized to unity. The ξ TPE distribution of foreground quasars with Γ HeII QSO > 2 × 10 −15 s −1 is inconsistent with being drawn from the random distribution (p = 4.7%).
Lower photoionization rates are comparable to the UV background and apparently not sufficient to cause a detectable effect (Figures 11 and 14) . With the given foreground quasar sample our geometrical method can therefore not probe lifetimes longer than this. In addition, it might be that IGM absorption limits the extent of the proximity zone and not the finite lifetime of the quasars (Khrykin et al. 2016b ). We estimate Γ HeII QSO ignoring IGM absorption (assuming λ mfp = ∞ in Equation 3), however a mean free path of λ mfp ≈ 50 cMpc -consistent with Davies & Furlanetto (2014) of Γ HeII QSO > 2 × 10 −15 s −1 at the background sightline 12 . Such objects do no exist within our sample. On the other hand, our measurement of the transverse proximity effect constrains the mean free path to He ii-ionizing photons. From our detection of the effect at D prop = 25 Mly we conclude that the mean free path cannot be much shorter than this.
Under the assumption of a lightbulb model for the quasar lightcurve, our lifetime measurement is sensitive to the age of the quasars t age . This is always shorter than the episodic lifetime t Q and the average age of a population with a flat age distribution is half its lifetime, i.e. t age = t Q /2. As such, we place a lower limit on t age > 25 Myr, which could in principle indicate t Q > 50 Myr. However, due to our limited sample size (N ≈ 5) we can not be sure that we have converged to this average and conservatively only constrain t Q > 25 Myr.
Furthermore, we have to consider the time the IGM requires to adjust to a new photoionization equilibrium. The equilibration timescale is the inverse of the ionization rate and is approximately 10 7 yr (Khrykin et al. 2016b) 13 . This has to be added to the light crossing time to get a more precise estimate on the lifetime. However, the local equilibration time depends on the amplitude of the UV field which is heavily influenced by the quasar within its proximity zone and we consider the exact effects of this too uncertain to include it in our lifetime estimate. Additionally, equilibration effects render our method insensitive to quasar variability on scales shorter than the equilibration timescale. However, as shown in Section 4.3 Γ HeII QSO is, at least when applied to a population, a reasonable proxy for the impact on the background sightline. The quasar luminosity is therefore not allowed to differ tremendously over the timescales probed by our analysis and the actual quasar lightcurve -even if it deviates from the lightbulb model -has to be consistent with sustained activity over 25 Myr.
Absence of Transmission Spikes for Large
Photoionization Rate Enhancements Our statistical sample shows that the presence of a foreground quasar close to the background sightline does not necessarily imply a prominent He ii transmission spike, even when the expected photoionization rate should be greatly enhanced. Instead, out of the four foreground quasars with the highest Γ HeII QSO , only the one near the Q 0302−003 sightline is associated with an obvious transmission spike (Figure 6 ). So far we can only speculate why the other three sightlines do not show similar transmission spikes.
Possibly, these quasars might be active for too short a period (t age 10 Myr) to allow their radiation to reach the background sightline. However, these quasars are not substantially farther away from their background sightline or even closer than the quasar near Q 0302−003 (14.7, 13.5 and 7.3 Mly compared to 9.7 Mly) and all have a higher Γ HeII QSO . From our stacking analysis we find ev-12 This threshold was derived in § 4.3 from all available quasars and is dominated by small separations.
13 Recombination can be neglected since the recombination timescale for helium is comparable to the Hubble time idence for continued quasar activity over 25 Myr (Figure 14) . If this is representative of the quasar population, it would be surprising if the three quasars with the highest Γ HeII QSO are all very young. Another possible explanation could be that due to variations in the quasar SED, in particular the poorly constrained part between 1 and 4 Ry, or because of substantial fluctuations in λ mfp the ionizing rate at the background sightline is actually lower than our estimate. While this might be the case for individual quasars, our statistical detection of the transverse proximity effect for foreground quasars with Γ HeII QSO > 2 × 10 −15 s −1 (Figure 11) argues against a a scenario where our estimates of Γ HeII QSO are systematically off. Any fluctuation in the SED or λ mfp would have to be very substantial to bring the 8× higher estimated Γ HeII QSO of our three strongest foreground quasars to a level for which we expect to see no effect.
Quasar obscuration coudl certainly be important, which we have so far ignored when calculating Γ HeII QSO (see § 2.6). The effect of anisotropic emission on the appearance of a particular He ii spectrum clearly needs further exploration. Since quasar orientation is random and only constrained to be unobscured towards Earth, one can in any case only expect a probabilistic answer (see e.g. Furlanetto & Lidz 2011) . Determining how realistic it might be that three out of four foreground quasars do not illuminate the background sightline is an important question for future work.
Despite the three discussed foreground quasars having no visible impact on the background sightlines, the quasar at z = 3.05 near Q 0302−003 might show a particularly strong signature. Comparison of the H i and He ii spectrum of the Q 0302−003 sightline indicates a substantial modulation of the He ii transmission by the IGM density field, with the He ii transmission spike being located in a region of high H i transmission (Worseck & Wisotzki 2006; Syphers & Shull 2014) . One could speculate that a favorable association of one (or even two) foreground quasars with a low-density region in the IGM allows for an unusually strong He ii transmission spike. Analyzing high-resolution H i spectra for the other He ii sightlines might shed light on this point.
We conclude that a high photoionization rate (Γ Figure 11 ) is a necessary condition to cause a significant transverse proximity effect, but is itself not sufficient. Apparently, there are other factors that govern the presence of excess transmission of which we have discussed a few. Additional data and better statistics will certainly help to constrain this, but we inevitably require further modeling with a realistic implementation of lifetime, obscuration and λ mfp effects that accounts for the stochasticity in these quantities.
6.3. Toy Model for the Ionization Rate along the Sightline Here, we present a toy model of the UV radiation field along a background sightline to illustrate effects that are relevant to the He ii transverse proximity effect. A complete model requires 3D numerical radiative transfer calculations and is beyond the scope of this paper. For now however, we want to build some intuition for the processes involved and highlight key aspects that would be Figure 18 . Photoionization rate Γ HeII QSO (z) and time retardation ∆t(z) along the Q 0302−003 sightline for the brighter of the two foreground quasars at z = 3.05. Note the monotonic increase of ∆t(z) toward higher redshifts.
part of a future modeling attempt.
The light crossing time between a foreground quasar and the background sightline is the governing effect we use to constrain the quasar episodic lifetime. While the light from the foreground quasar travels to Earth on the direct path, the distance to any point on the background sightline and from there to the observer on Earth is longer. This difference in pathlength and therefore light travel time is the time retardation ∆t(z). In the bottom panel of Figure 18 we show as an example the time retardation for any point along the sightline of Q 0302−003 with respect to the foreground quasar at z = 3.05 at a separation of 6.5 (for formal derivations and similar models see e.g. Liske & Williger 2001; Smette et al. 2002; Adelberger & Steidel 2005; ). Evaluated at the redshift of the foreground quasar, the time retardation equals the transverse light crossing time used so far in our analysis. Toward lower redshifts ∆t(z) decreases since the additional pathlength of the photons is shorter, whereas for gas behind the foreground quasar (at higher redshifts) the time retardation rapidly increases. Taking a quasar that shines for a given time t age , gas at lower redshift, when probed by the photons from the background quasar, has already been exposed to the quasar's radiation for longer times than gas at higher redshifts. For locations with ∆t(z) > t age the gas has not yet been exposed to the quasar radiation at all. The photoionization rate along the background sightline Γ HeII QSO (z) (top panel in Figure 18 ) can be calculated as described in § 2.6, but using the luminosity distance to a given point on the background sightline instead of the transverse distance in Equation 2.
Given that we can model the time retardation and photoionization rate caused by a single quasar as described above, we can synthesize the He ii-ionizing radiation field along a sightline by summing the contributions of all foreground quasars as The right y-axis of Figure 19 indicates the He ii equilibration timescale t
HeII eq
which is spatially varying, as it is the inverse of Γ HeII SL (z). Note that the equilibration timescale t HeII eq ∼ 10 7 yr (Khrykin et al. 2016b ) is comparable to the transverse light crossing time, and hence our inferred lower limit on the quasar episodic lifetime from § 4.5. If quasars shine for a period comparable to our limits and the photoionization rate at a given point along the sightline is dominated by a few close foreground quasars, this suggests that He ii at z ∼ 3 might not yet be in photoionization equilibrium.
Assuming an infinite mean free path and adding up quasar contributions out to arbitrary large separations from the background sightline leads to very high Γ −15 s −1 ) and inconsistent with highly saturated He ii absorption (Khrykin et al. 2016b ).
We therefore show in Fig 19 ( green curve) the effect of a reduced mean free path. We chose λ mfp = 60 cMpc which is broadly consistent with the values from Davies & Furlanetto (2014) . However, we stress that by creating proximity zones, the quasars heavily modify the mean free path in their vicinity (Khrykin et al. 2016b In a third synthesis model of the UV radiation field we include the effect of a finite quasar lifetime. We assume all foreground quasars to have a fixed age t age = 30 Myr. This is clearly a simplification since even if all quasars would have exactly the same episodic lifetime t Q , they would turn on at a random point in time and t age would be drawn from a flat distribution between zero and t Q . Nevertheless, limiting the quasar age decreases the photoionization rate behind bright foreground quasars since the quasars do not shine long enough for the photons to reach these regions. The effect on the background sightline at redshifts lower than the foreground quasar redshift is much smaller since the time retardation for these points is smaller (Figure 18 ). The ionization fronts of the individual foreground quasars at redshifts where ∆t(z) = t age are also apparent in Figure 19 . When increasing t age , these ionization fronts shift to higher redshifts and an increasing fraction of the background sightline can be reached by the foreground quasar radiation. In reality, radiation transfer effects should substantially smooth the rapid jump of Γ HeII SL (z) at the location of the ionization front (e.g. Davies et al. 2017 ).
An additional important factor as described in § 2.6 and § 6.2 is quasar obscuration. Modeling the anisotropic emission of quasars detected as Type Is from Earth is straightforward -it would simply lead to some parts of the background sightline being not illuminated (e.g. Furlanetto & Lidz 2011 Figure 19 . Models for the varying He ii-ionizing radiation field along the He ii sightline of Q 0302−003 (top) and its He ii transmission spectrum indicating the locations of the quasars (bottom). We synthesize the photoionization rate Γ HeII SL (z) based on the background quasar and the population of known foreground quasars by summing up their individual contributions. For computation of the Γ HeII SL (z) model shown in blue we assume isotropic emission, infinite quasar lifetime and a transparent IGM. We show the effects of IGM absorption with a mean free path of λ mfp = 60 cMpc (green curve) and in addition a finite quasar age of tage = 30 Myr (red curve). Assuming a finite age causes a strong asymmetry in the radiation field around individual foreground quasars since these only illuminate regions in the background sightline for which the time retardation is smaller than the quasar age (∆t(z) < tage).
but appear as Type IIs from our vantage point on Earth. These obscured AGN are certainly not in our foreground quasar sample, and would be extremely difficult to detect. Finally, there may be light-echoes in the He ii spectra caused by quasars that have already turned off (e.g. Visbal & Croft 2008) . Similar to obscured quasars, these objects evade detection and can not be included in the model individually, but have to be treated in a statistical sense.
These simple models illustrate that the quasar lifetime, quasar obscuration, and λ mfp strongly influence the He ii -ionizing radiation field. Exploring how this translates into an observable He ii transverse proximity effect is a challenging task, in particular when including additional complications like variable quasar orientation and extinct quasars, non-equilibrium photoionization, and a realistic IGM density structure. Our toy models, however, show the wealth of information contained in the transverse proximity effect that is in principle accessible to observations.
SUMMARY AND CONCLUSIONS
The He ii transverse proximity effect provides unique insights into the relationship between He ii reionization and the quasars that power it. The effect also allows one to probe the geometry and timescales of quasar emission. We therefore conducted a dedicated ground-based optical imaging and spectroscopic survey for quasars in the foreground of 22 background quasars with science-grade HST FUV He ii Lyα absorption spectra. Our two-tiered survey strategy, composed of a deep survey with 8 m class telescopes (LBT/LBC and VLT/VIMOS, r 24 mag, ∆θ 10 ) and a wide survey with 4 m class telescopes (ESO NTT and CAHA 3.5 m, r 21 mag, ∆θ 90 ) resulted in 131 quasars, 27 of which have redshifts probed by He ii absorption along the background sightline ( § 2). Adding known quasars (mainly from SDSS and BOSS), we arrive at a total of 66 usable foreground quasars. We searched for the He ii transverse proximity effect as enhanced He ii transmission near individual foreground quasars ( § 3.3 and 5) and also statistically by stacking the data for our sample ( § 4).
Previous studies claimed a dramatic association of one foreground quasar with a strong He ii transmission spike in the Q 0302−003 sightline (Heap et al. 2000; Jakobsen et al. 2003) . Our substantially larger sample contains three new foreground quasars with even higher estimated photoionization rates at the background sightline that exceed the expected He ii-ionizing background by an order of magnitude. However, none of these new sightlines exhibit a noticeable increase in He ii transmission (Figure 6) , suggesting that such associations are in fact rare.
Despite the large stochasticity, we find statistical evidence for the He ii transverse proximity effect by stacking the He ii spectra on the positions of the foreground quasars. The average transmission profile along the background sightlines shows increased He ii transmission in the vicinity (|R | < 15 cMpc) of the foreground quasar positions when compared to the average transmission observed further away (Figure 7) . Using a Monte Carlo method, we estimate the probability for this excess transmission to occur by chance to 0.1%, corresponding to a significance of 3.1σ.
We show for the first time that the strength of this transverse proximity effect has the expected dependence on the photoionization rate of the foreground quasars ( Figure 11 ). We see a local enhancement in the He ii transmission when including foreground quasars with Γ HeII QSO > 2 × 10 −15 s −1 . For lower Γ HeII QSO , comparable to UV background estimates, no enhancement is observed.
We use the transverse light crossing time to derive a purely geometric lower limit on the quasar episodic lifetime by imposing cuts on the foreground quasar separation from the background sightline ( Figure 13 ). When restricting to quasars with D prop ≥ 7.7 pMpc the transverse proximity effect persists in our stacked spectra with a 2.6σ significance, allowing us to derive a robust lower limit on the quasar episodic lifetime of 25 Myr. Our analysis, based on a statistical sample and a modelindependent method, puts stronger constraints on the episodic quasar lifetime than previous studies of single objects or small samples (e.g Jakobsen et al. 2003; Gonçalves et al. 2008; Furlanetto & Lidz 2011; Trainor & Steidel 2013; Borisova et al. 2016) , and contrasts with studies finding short lifetimes (e.g. Kirkman & Tytler 2008; Schawinski et al. 2015) . At the same time this constrains the mean free path to 30 cMpc at z ≈ 3, consistent with current estimates (McQuinn & Worseck 2014; Davies & Furlanetto 2014) .
The He ii transverse proximity effect can reveal extensive information about the quasar opening angle, the quasar lifetime and the mean free path to He ii-ionizing photons in the IGM ( § 6.3). However, due to the large sightline-to-sightline variance and the weak statistical signal, there is no simple interpretation of the data beyond the lifetime constraint. Deriving more stringent constraints clearly requires extensive modeling and additional data.
It is therefore crucial to observe additional He ii sightlines to reduce the sample variance ( § 5). However, due to the rarity of He ii-transparent quasars and the aging of HST /COS, a massive expansion (> 2×) of the He ii sample will probably only be possible with the next generation of FUV telescopes. Since these will only become available decades from now it is important to exploit the current HST /COS capabilities to the limit and observe the available targets at z ≈ 3.
Furthermore one should expand the deep foreground quasar survey to He ii sightlines in the northern hemisphere (see Table 2 ), several of which show significant transmission spikes (see Figure 5 ). The redshifts of the foreground quasars were inferred from UV emission lines, subject to systematic uncertainties of up to 1000 km s −1 , corresponding to ≈ 13 cMpc. This is comparable to the width of the detected transverse proximity signal and nearly 3× wider than the strong transmission spike in the Q 0302−003 sightline. Improved redshifts from Mg ii or [O iii] (σ z = 100−300 km s −1 ) would increase our sensitivity and would allow us to better constrain the shape of the transverse proximity profile, which could bear additional information about lifetime and anisotropic emission.
In addition, it would be very informative, but probably infeasible, to also chart the population of Type II foreground AGN. An X-Ray survey comparable in sensitivity and area to our optical surveys would require several 100 ks exposure time per He ii sightline, so covering all sightlines would exceed the allocations for the largest X-ray surveys (e.g. Chandra COSMOS -legacy survey Civano et al. 2016) . Alternatively, covering the large required area ( 20 × 20 ) with spectroscopic IFU observations seems extremely expensive as well.
In the near future, substantial progress on the physics of the He ii transverse proximity effect might stem from dedicated modeling of the effect. The toy model we used in § 6.3 to highlight a few effects as a showcase example is a good starting point for more comprehensive modeling of the He ii transverse proximity effect, which would take into account the time retardation along the sightline, non-equilibrium ionization effects, and quasar obscuration. A model tailored to our observations could for instance clarify if the absence of strong transmission spikes in the He ii spectra close to bright foreground quasars is actually consistent with our current assumptions about lifetime and quasar obscuration or requires additional effects. This might also lead to tighter constraints on the quasar lifetime or the mean free path to He ii ionizing photons. Evidently, the transverse proximity effect bears a wealth of information. Now that a statistical sample is available, it requires improved theoretical understanding to better interpret the signal we have observed. Some of the data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California and the National Aeronautics and Space Administration. The Observatory was made possible by the generous financial support of the W.M. Keck Foundation. The authors wish to recognize and acknowledge the very significant cultural role and reverence that the summit of Mauna Kea has always had within the indigenous Hawaiian community. We are most fortunate to have the opportunity to conduct observations from this mountain.
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